Abstract
Results
The average correlation for the identification of resistant and susceptible isolates using the three methods was approximately 94%. An association of mutations detected with variable resistance levels was shown. We propose a change in the breakpoint minimal inhibitory concentration for kanamycin to less than 5 μg/ml in the Sensititre MycoTB system. A pairwise comparison of the minimal inhibitory concentrations (MICs) of two different drugs revealed an increased correlation in the first-line drug group and a partial correlation in the secondline drug group, reflecting the history of the preferential simultaneous use of drugs from these groups. An increased correlation with the MICs was also observed for drugs sharing common resistance mechanisms.
Introduction
Drug-resistant tuberculosis [1] is difficult to cure and requires time-consuming (18-24 months), complex and expensive therapy accompanied by serious side effects [2] [3] [4] [5] . The treatment outcome significantly depends on the rapid determination of the Mycobacterium tuberculosis (MTB) resistance profile to the maximal number of anti-tuberculosis drugs. Susceptibility can vary within wide limits, and in some cases, the dosage of a drug can be adjusted to overcome "borderline" or "moderate" resistance [6, 7] . In addition to the "gold standard" agar proportion method, various approaches utilizing the Bactec MGIT 960 (MGIT), Sensititre MycoTB (MycoTB), and Alamar Blue platforms have been developed for the quantitative characterization of resistance [8] [9] [10] [11] [12] [13] [14] [15] . MycoTB is an inexpensive method to simultaneously identify the minimal inhibitory concentrations (MICs) of twelve first-and second-line drugs. Previous studies have demonstrated the method's good reliability and reproducibility for most drugs compared with the agar proportion method [8, 11, 16] and the MGIT method [8, 17] . In this study, we compared these two phenotypic methods using clinical strains isolated in the Moscow region of Russia.
Previous research on the mechanism of MTB drug resistance development demonstrated correlations between certain mutations in the mycobacterial genome and the resistance levels [10, 13, 18] . Recently, the TBNET and RESIST-TB networks claimed that the identification of mutations in the rpoB, katG, inhA, embB, rrs, rpsL and gyrA genes of MTB clinical isolates had implications for the management of TB patients and complemented drug susceptibility testing (DST) [19] . Molecular genetic methods are attractive because they are rapid and can predict the resistance level from genetic data, thereby allowing personalization of prescription drugs within a few days of the diagnosis.
In the present study, we used a microarray-based TB-TEST molecular assay to characterize the mutations detected in clinical MTB strains and their correlations with resistance to rifampin (RMP), isoniazide (INH), ethambutol (EMB), fluoroquinolones (FQs), and second-line injection drugs (SLID) [20] . This assay allows the detection of an extended range of genetic determinants of resistance and establishes the genotypes of the most endemic strains in the Russian Federation. Recently, the TB-TEST assay has been approved by the Federal Service for Surveillance in Healthcare of the Russian Federation (Roszdravnadzor, www.roszdravnadzor. ru) for application in the laboratory diagnostics of MTB.
The objectives of this study were to compare the consistency of the three assays in the determination of drug resistance of clinical MTB isolates and to identify their resistance profiles using phenotypic and genotypic methods. The data obtained determined the conditions of the application of each method in a centralized mycobacterial laboratory.
Materials and Methods

Experimental settings and clinical strains
One hundred forty-four clinical MTB strains isolated in Middlebrook 7H9 liquid medium using an automated Bactec MGIT 960 system (Becton Dickinson, Sparks, MD, USA) were Institute of Molecular Biology (EIMB). Currently, the TB-TEST kit is produced and sold by the EIMB spin-off company Biochip-IMB, LLC. DG and DZ earned royalties from patent licensing (in 2015 these royalties comprised approximately $100 US dollars per person). DG and DZ are not employees of the Biochip-IMB company and have no direct commercial or financial relationship with this company. There are not any further patents, products in development or marketed products to declare. Therefore, we declare that this circumstance does not alter the authors' adherence to PLOS ONE policies on sharing data and materials. All other authors have declared that no competing interests exist.
selected for this study. The strains were obtained from diagnostic material from TB patients at the Moscow Research and Clinical Center for Tuberculosis Control. Sequential isolates with resistance to either RMP or INH obtained during 2014 were analyzed. Additionally, 23 randomly selected isolates susceptible to both RMP and INH, which are typically tested only during susceptibility to first-line drugs following the Center protocol, were included in the study as a reference pool for the statistical calculations. In this selection, 67 samples were obtained from patients with primary pulmonary tuberculosis and 77 samples were isolated from previously treated patients (relapse and re-treatment cases). The study was approved by the Ethics Committee of the Moscow Government Health Department. The Ethics Committee waived the need for patient consent because the study did not include any personal identifiers and the samples were analyzed anonymously.
Drug susceptibility testing
The MTB DST for streptomycin (STR), pyrazinamide (PZA), RMP, INH, EMB, ofloxacin (OFX), moxifloxacin (MFX), kanamycin (KAN), amikacin (AMK), PAS, and ethionamide (ETH) was performed using a Bactec MGIT 960 as previously described [21, 22] .
The determination of the MIC using the Sensititre MycoTB Plate was performed as previously described [11, 16] . MTB growth in the wells with drug was evaluated visually using the mirror in comparison with the MTB growth in a drug-free control well on days 14-21. The MIC of a drug was considered the lowest concentration able to inhibit the visible growth of a microorganism in a well. The resistance breakpoints were based on previously Mutation detection using the microarray-based TB-TEST molecular assay DNA extraction from the MTB cultures obtained in the BACTEC MGIT 960 system was performed using a robot-aided Freedom EVO station (TECAN, Switzerland) and an M-Sorb DNA isolation kit (Syntol, LLC, Russia). The PCR and hybridization on the microarrays were performed as previously described [20] . The TB-TEST assay allows the detection of 28 substitutions in rpoB, 11 in katG, 5 in inhA, 5 in ahpC, 15 in gyrA, 23 in gyrB, 4 in rrs, 6 in eis and 23 in embB and established the lineages of the strains most endemic to the Russian Federation (Beijing, Haarlem, LAM and Ural).
Results
Comparison of the Sensititre MYCOTB with the Bactec MGIT 960
According to the DST results of the 144 MTB clinical isolates obtained using MGIT, 40 were extensively drug resistant (XDR; 28%), 65 were multidrug resistant (MDR; 45%), 18 were poly-and mono-resistant (DR) isolates (13%) and 21 were pan-susceptible (15%). Analysis of resistance to the first-line anti-tuberculosis drugs STR, PZA and EMB showed heterogeneity of these groups ( Table 1 ). The most distinct representatives of the DR group were 3 isolates resistant to four of the five first-line drugs (susceptible to RMP) and 2 isolates mono-resistant to INH or the FQs. Two strains from the pan-susceptible group were resistant to STR. In total, 32 different resistance profiles were identified by analyzing the resistance to seven drugs.
A pairwise comparison of the MICs revealed strong correlations between the OFX and MFX (r xy = 0.86) and the KAN and AMK (r xy = 0.88) resistance levels; these pairs of drugs share resistance mechanisms (S1 and S2 Tables). Elevated correlation levels were also observed for the first-line drugs (r xy = 0.46), whereas the average correlation for all drugs was r xy = 0.23. Additionally, elevated levels were observed for pairs of the second-line drugs (FQs and SLID and FQs and PAS). This observation likely reflects the joint use of FQs with SLID and FQs with PAS and the rare use of PAS with KAN for treatment traced in the history of the "successful" TB clones selected for this study. The average correlation between the second-and firstline drugs was 0.19 with the exception of the marked MIC correlations for RFB and RMP (r xy = 0.49) and RFB-STR (r xy = 0.36).
Identification of mutations associated with drug resistance
Genetic determinants of drug resistance were detected in the investigated MTB strains using a microarray-based TB-TEST molecular assay. The obtained data and performance characteristics including the correlation between the three assays are summarized in Fig 1 and S3 Table. The analyzed isolates had 10 types of single mutations leading to substitutions in codons 516, 526 and 531 of the rpoB gene, which resulted in resistance to RMP; only one strain had a double substitution (L511P D516G). In total, mutations were identified in 111 strains, of which 4 strains were susceptible by both phenotypic methods. The S531L substitution was detected in most cases and was found in 93/111 (83.8%) strains. All MTB strains containing that mutation were resistant by MGIT, and most had a high resistance level by MycoTB. Only one strain had a borderline MIC of 2 μg/ml. Six strains with mutations in codons 516 and 526 had intermediate MICs of 0.5 and 1.0 μg/ml and low resistance MICs of 2.0 and 4.0 μg/ml, whereas 9 more isolates possessed the maximally detected MIC of >16 μg/ml. 
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The comparison of the phenotypic DST results using MGIT and MycoTB is summarized in For RFB, the MIC distribution had a maximum of 4-8 μg/ml; however, two of the MTB strains with the S531L substitution had MICs >16 μg/ml. In total, 10 MTB strains with mutations in rpoB were detected as susceptible to RFB by MycoTB, of which 4 strains had the S531L substitution.
Three MTB strains with substitutions in the 526 codon (H to L or N) had intermediate or low resistance to RMP (0.5-4 μg/ml) and were susceptible to RFB (0.125-0.25 μg/ml). Seven MTB strains containing substitutions in the 526 codon to R, Y, D and P had high MICs to both RMP (>16 μg/ml) and RFB (4-16 μg/ml).
Resistance discrepancies were observed for strains with the 516 codon substitutions for both RMP and RFB (N = 5). Strains with the double substitution (L511P D516G) were resistant to both RMP and RFB, with an intermediate RFB MIC of 2 μg/ml. Among the mutations connected with INH resistance, the S315T1 substitution in katG was found in most cases and was detected in 110 of the 118 (93%) INH-resistant MTB strains identified by MGIT. Most of these isolates (N = 84) had high resistance levels (MIC >4 μg/ml). Thirty-five of the 110 strains had mutations in katG or in katG and inhA in addition to S315T1. One strain had a double mutation in katG and a c(-15)t mutation in inhA.
The rpoB S531L and katG S315T substitution combination was detected in 75% of the XDR and 88% of the MDR isolates. Double and triple mutations leading to INH resistance were identified in 14% (2/14) of the INH-resistant MTB DR strains, 23% (15/65) of the MDR strains and 45% (18/40) of the XDR strains.
The distributions of the MICs of the EMB-susceptible and resistant isolates detected by MGIT had two broad overlapping peaks with maxima at 4 and 8 μg/ml (Fig 1) . Sixty-one percent of the strains (88/144) had MICs of 4 or 8 μg/ml. Fifteen strains had high levels of resistance (MICs of 16 or 32 μg/ml). Moreover, these strains were all determined to be resistant by MGIT and had mutations in the 306, 319, 354, 406 and 497 embB codons.
Strains with mutations in embB had different MICs for EMB (from 2 to 32 μg/ml), and 22% of these strains were susceptible by MGIT. The M306V substitution was the most prevalent mutation and was identified in 29 strains. Nine of these strains were detected as susceptible by MycoTB (MICs of 2-4 μg/ml); six of the 9 strains were detected as resistant, and 3 of the 9 were detected as susceptible by MGIT. The D354A substitution was the second most frequent mutation and was found in 15 strains, of which 3 strains were detected as susceptible by both methods. One additional isolate was detected as resistant by MGIT but had an MIC below the threshold.
A distinctive difference between resistance and susceptibility was observed for the OFX isolates using MycoTB. Most of the resistant isolates identified by MGIT (N = 52 of 54) had MICs ranging from 4 to 32 μg/ml, and 87 of the 90 MGIT-susceptible isolates had MICs in the range of 0.25-1 μg/ml. Five isolates with borderline MICs of 2 μg/ml (susceptible by MycoTB) were identified as either resistant (N = 2) or susceptible (N = 3) by MGIT. The D94A and double S91P D94A substitutions were identified in two resistant isolates. The gyrB N538K substitution was identified in one susceptible isolate, and no mutations were identified in 2 of the isolates. The N538K substitution was also identified in an isolate resistant by both MGIT and MycoTB that had an MIC of 4 μg/ml. The gyrA D94A substitution was mainly found in the resistant isolates (N = 6), with MICs ranging from 2 to 8 μg/ml.
Eight isolates resistant to OFX contained substitutions in the B subunit of DNA gyrase. gyrB mutations not accompanied by gyrA mutations were detected in 3 isolates. The D500H substitution with an MIC of 4 μg/ml was identified in one sample in addition to the two isolates mentioned earlier. Five other isolates also bore various substitutions in gyrA, with MICs ranging between 4 and 16 μg/ml.
The MIC distribution of the MFX-resistant (MGIT) strains ranged from 0.25 μg/ml to 8 μg/ ml; thus, 7 isolates were susceptible according to MycoTB with MICs of 0.25 and 0.5 μg/ml (Fig 1) . The following substitutions were detected in these isolates: D94A (N = 3); D94G; D94V; S91P D94A; and gyrB D500H. Strains with the D94G substitution predominately had MICs of 4 and 8 μg/ml, and two more isolates with the D94A substitution and one with D94V were resistant with MICs of 1 and 2 μg/ml. Other strains with MICs of 0.25 (N = 37) and 0.5 μg/ml (N = 5) were determined to be susceptible by MGIT, and no mutations were identified.
Mutations in the rrs 1400 region or in the eis promoter were found in 93% of the KANresistant isolates identified by MGIT; a total of 98% of the KAN-resistant isolates by MycoTB had MICs ranging from 10 to 40 μg/ml (breakpoint-5 μg/ml). Twenty strains with an MIC equal to 5 μg/ml, which corresponded to susceptibility, were resistant by MGIT, of which 18 strains bore mutations in eis. Eighteen strains with an MIC of 2.5 μg/ml were predominately sensitive by MGIT (N = 13), of which 4 strains bore the eis mutations c(-12)t (N = 3) and g (-10)a.
The a1401g mutation in rrs was found in 28 strains that were resistant to both KAN and AMK by both methods. Most of these stains had the maximal MICs used for MycoTB of 40 μg/ml for KAN (N = 22) and 16 μg/ml for AMK. The range of the KAN MICs for the isolates with eis mutations partially overlapped with rrs a1401g (2.5 to 40 μg/ml), but most of the strains (31 of 40) had MICs of 5 and 10 μg/ml. One isolate with the rrs g1484t mutation was resistant to both KAN and AMK by MGIT, but the MIC of the latter was 2 μg/ml, which corresponded to susceptibility (two dilutions from the borderline).
A small proportion of the AMK-resistant strains detected by MGIT (5 of 33) had MICs ranging from 0.5 to 2 μg/ml, which corresponded to susceptibility by the MycoTB method. Four of these strains bore the mutation c(-14)t in eis, and one isolate harbored g1484t in the rrs gene. Two more isolates with the same c(-14)t mutation were susceptible by MGIT.
Correlation of the resistant phenotype with the lineage and the patient treatment history
The TB-TEST molecular assay allows the identification of the main genetic lineages based on an analysis of six single nucleotide polymorphisms (SNPs). According to the obtained data, the Beijing genotype prevailed among the investigated strains and was detected in 111/144 (77%) of the cases. Thirty of these strains belonged to the Beijing BO/W148 lineage ( Table 3 ). The proportions of the MDR and XDR MBT among all of the Beijing-strains were 59/111 (53%) and 31/111 (28%), respectively. The MDR plus XDR prevalence among the primary cases was 54% (N = 36 of 67), of which 4 strains possessed the XDR phenotype. In the retreatment and relapse cases, the prevalence of the MDR plus XDR strains was 90% (N = 69 of 77), whereas XDR was detected in 47% (N = 36) of the cases.
Discussion
Recent studies on the mechanism of MTB drug resistance demonstrated that the acquisition of resistance was a time-consuming, adaptive process of selection for successful genetic variants bearing mutations in target loci directly involved in the interaction with the drug and in genes and loci responsible for compensatory mechanisms that diminished the drug's negative impact on bacterial physiology [1] . Moreover, the level of phenotypic resistance to drugs can vary as a result of the different types of mutations selected and the degree of heterogeneity in the MTB population in the clinical isolates [23] . The proposed use of two [23] and three [10] critical concentrations for the MGIT system provides further improvement for microbiological testing. Less expensive microbiological test systems based on drug serial dilutions allow the identification of the MICs of a wide spectrum of the drugs used for therapy. In this study, we performed the Sensititre MycoTB alongside the Bactec MGIT 960 and identified common mutations leading to drug resistance using the microarray-based method [20] with clinical isolates from the Moscow region. The selected strains had a strong bias toward drug resistance; nevertheless, a drastic difference in the MDR and XDR prevalence rates was observed in patients with a history of previous treatment. Pan-susceptible isolates were found only in primary cases, and the XDR prevalence in primary cases was as low as 6%; in contrast, the XDR prevalence among the retreatment and relapse cases was 47%.
Good correlations between the two phenotypic methods were observed for most drugs, and the MycoTB MIC distributions of the resistant and susceptible isolates identified using the Bactec MGIT 960 method were distinctive for all of the drugs except EMB, KAN and ETH. However, a noticeable number of isolates with borderline or low-level resistance had discordant susceptibility results for most of the drugs tested.
The possible treatment of tuberculosis caused by isolates with low-level resistance using higher drug doses is a disputable issue in tuberculosis therapy [24, 25] . In addition to the phenotypic and genetic characterization of strains, other in vivo factors, such as the population structure [26, 27] , pharmacokinetic/pharmacodynamic parameters [28] , permeability of the tuberculosis lesions [29] , and adverse reactions, also affect the clinical outcome.
The most frequent substitution found when analyzing resistance to RMP was the S531L substitution, which was associated with high-level resistance [10, 13, 30] and was found in strains resistant to both RMP and RFB with high MICs in most cases. However, several of these isolates had intermediate MICs for RMP and were susceptible to RFB, which was similar to earlier findings [31, 32, 33] and diminished the prognostic value of genetic tests based on rpoB locus analysis. In contrast, a portion of the isolates with intermediate resistance and substitutions in codons 516 and 526 were identified as susceptible by Bactec MGIT 960, which was in line with previous reports [12] . Previous reports noted the clinical importance of "disputed" mutations in the rpoB gene [34, 35, 36] . Because the standard treatment of these patients might result in a poor clinical outcome [37, 38] , the use of higher doses of RMP [25] or substitution with RFB [39] is proposed.
The clinical importance of low-level resistance was also confirmed for the FQs in a murine model. In this model, the sterilizing activity of MFX against the low-level resistant strain with GyrB D500N was nearly the same as the sterilizing activity against the wild-type strain; however, relapse was observed in 30% of the cases [40] . In our set of isolates, the gyrB substitutions D500H and N538K led to moderately increased MICs for both OFX and MFX, confirming previous findings [41] . Seven isolates with the gyrA A90V substitution were resistant and possessed higher MICs for both FQs than previously reported [42] .
Unexpectedly, we obtained a significantly higher correlation between MGIT and MycoTB with EMB (0.79) compared to the previously published value of 0.30 [43] . Generally, the presence of mutations in the embB 296-497 codon region increases the resistance of the strain to EMB to varying degrees, which might be lower than the plasma drug level of 5 μg/ml [44] . With respect to our data, we could not conclude that the presence of a particular mutation might lead to the exclusion of EMB from the treatment scheme. For example, 9 of the 29 isolates with the M306V substitution had MICs below the breakpoint, of which 3 isolates were also susceptible by MGIT.
In the case of KAN resistance, a large proportion of the resistant strains identified by MGIT (20 of 73) had MICs of 5 μg/ml, whereas none of the susceptible isolates had the same MICs. If the KAN resistance breakpoint for the MycoTB test system was changed to below 5 μg/ml and resistance was ascribed to these strains, the raw agreement for an MGIT and MycoTB of 0.97 and a Cohen's kappa of 0.93 were observed instead of 0.83 and 0.65, respectively. Eighteen of these strains bore mutations in the eis promoter region, which is associated with a moderate increase in the MIC for KAN [45] .
A significant discrepancy was observed for ETH resistance in the microbiological testing. Forty-four percent of the tested isolates had ETH MICs of 2.5 and 5 μg/ml, which were below the breakpoint, although the numbers of strains characterized as resistant and susceptible by MGIT for these MICs were comparable. Analogous discrepant results for the ETH MICs of 2.5, 5, and 10 μg/ml were obtained recently by our group using another set of clinical isolates (N = 89, data not shown).
The cross-correlation of the MICs of two different drugs could indicate common mechanisms of drug resistance or could reflect the history of the ineffective simultaneous use of two drugs. A correlation analysis of the MICs detected by MycoTB revealed an increased correlation in the first-line drug group and a partial increase in the second-line drug group, whereas the average correlation between the groups did not exceed the average correlation among all of the drugs. The only exception to this rule was RFB, where the distribution of the MIC was correlated with RMP and to a lesser degree with STR. If this correlation can be explained by shared mechanisms of resistance formation [31] in the first case, then the correlation might reflect the contribution of some unknown genetic or regulatory factor in the second case. The highest correlation was observed between OFX and MFX and the injectable drugs KAN and AMK, which share drug resistance mechanisms. The methods have some limitations when considering RMP and INH MICs and to a lesser extent RFB due to the truncated range of the MICs used in the MycoTB panel. A large portion of the strains had MICs >16 for RMP, and this group might possibly include strains with MICs of 17 μg/ml and MICs >160 μg/ml.
The identification of the MTB lineage is believed to have a clinical impact due to the association of some lineages, particularly modern Beijing, with virulence [46] , transmission [47] , drug tolerance [48] and adaptation [49] . The Beijing lineage was identified in 77% of the isolates, including the "successful" B0/W148 sublineage (21%) [50] . Beijing was more associated with the drug-resistant forms than the Euro-American strains. The percentage of Beijing MDR strains was significantly elevated compared to the percentage of MDR strains of the EuroAmerican lineage (53% vs. 18%); however, the XDR prevalence rates were similar for both clusters (27-28%) . No pan-susceptible isolates of the Beijing B0/W148 and Ural lineages were identified.
Although the average correlation between the three analyzed methods was approximately 94% (S3 Table) , MycoTB had a slight advantage due to its cost and the amount of information obtained. The effectiveness of the TB-TEST assay application for the analysis of clinical material largely depended on the number of mycobacterial cells in the sample similar to any other molecular method. The TB-TEST works correctly with 96% of AFB-positive and 25% of AFBnegative clinical samples [20] . Thus, in the case of the failure of the direct genetic analysis of a clinical sample, a short-term liquid culture could be used with the Bactec MGIT automated system, and the obtained DNA from the isolate could be re-assayed using the TB-TEST. In this case, the time to obtain the resistance profile will be shortened by the time needed for the second cultivation in the Bactec system, and comprehensive and reliable data concerning the mutation profile and genotype can be obtained.
Nevertheless, the fastest molecular genetic assays demand further improvement to expand the number of drugs analyzed and to reveal the hidden molecular mechanisms of the drug resistance manifestation. The analysis of genomic [51] and post-genomic data via the construction of large-scale databases [52, 53] will likely lead to an improved understanding of MTB physiology and facilitate the development of more informative molecular assays. 
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